By the end of 2011, 20 giant gas fields with proven reserves over 1000×10 8 m 3 had been discovered in 7 sedimentary basins in China. Based on the molecular and the carbon isotopic compositions of the alkane gases in these gas fields, in combination with the δ 13 C 1 -δ 13 C 2 -δ 13 C 3 and δ 13 C 1 -C 1 /C 2+3 identification diagrams, the origin of the alkane gases in these 20 giant gas fields are discussed: the alkane gases in Sulige, Daniudi, Yulin, Zizhou, Wushenqi, Hechuan, Guang'an, Anyue, Yuanba, Xinchang, Kela2, Dina2, Dongfang1-1and Kelameili giant gas fields are mainly coal-derived; the alkane gases in Tazhong1 and Datianchi giant gas fields are oil-derived; the alkane gases in Tainan giant gas field are bacterial gases; the alkane gases in Jingbian giant gas field are mixed gases mainly composed of coal-derived gases supplemented with a small quantity of oil-derived gases; the alkane gases in Puguang giant gas field are mixed gases mainly composed of oil-derived gases supplemented with a small quantity of coal-derived gases; the alkane gases in Xushen giant gas field are mixed gases mainly composed of abiogenic gases supplemented with a small quantity of coal-derived gases. The study on the genetic types of the alkane gases in these fields is not only of great scientific importance to the gas correlation, gas accumulation research and the optimization of the exploration targets, but also to the acceleration of the Chinese natural gas industry.
INTRODUCTION
By the end of 2011, 20 giant gas fields with proven reserves over 1000×10 8 m 3 have been discovered in 7 sedimentary basins (i.e. Ordos, Sichuan, Tarim, Yingqiong, Junggar, Songliao and Qaidam basin) in China (Fig. 1) . The total proven reserves and the annual output of these giant gas fields are 53686×10 8 m 3 and 585×10 8 m 3 , respectively, which account for 64.4% of the total proven reserves and 57.1% of the annual output of the natural gases in China in 2011. Except that in the Dongfang1-1 gas field, the content of the alkane gases in these giant gas fields is generally over 92%, thus the study on the genetic types of the alkane gases in these fields is not only of great scientific importance to the gas correlation, gas accumulation research and the optimization of the exploration targets, but also to the acceleration of the Chinese natural gas industry.
MATERIALS AND METHODS
In this study, natural gases were carefully collected at well heads and stored in the 1L cylinders. The chemical composition of gas samples was determined using an Agilent 6890N gas chromatograph (GC) equipped with a flame ionization detector and a thermal conductivity detector at the Research Institute of Petroleum Exploration and Development, PetroChina-Langfang branch (RIPED-Langfang). Individual hydrocarbon gas components from methane to pentanes (C 1 -C 5 ) were separated using a capillary column (PLOT Al 2 O 3 50 m×0.53mm). The GC oven temperature was initially set at 30°C for 10 min, and then ramped to the maximum temperature of 180°C at a rate of 10°C/min where it was held for 20-30 min Compound specific stable carbon isotope ratios were determined on a Finnigan Mat Delta S mass spectrometer interfaced with a HP 5890II gas chromatograph. Gas components were separated on the gas chromatograph in a stream of helium, converted into CO 2 in a combustion interface and then introduced into the mass spectrometer. Individual hydrocarbon gas components (C 1 -C 5 ) were initially separated using a fused silica capillary column (PLOT Q 30 m×0.32 mm). The GC oven temperature was 2
Genetic types of the alkane gases in giant gas fields with proven reserves over 1000×10 8 m 3 in China Figure 1 . The distribution of the giant gas fields whose proven reserves are over 1000×10 8 m 3 in China (1. Sulige, 2. Daniudi, 3.Yulin, 4. Zizhou, 5. Wushenqi, 6. Jingbian, 7. Hechuan, 8. Guang'an, 9. Anyue, 10. Yuanba, 11. Xinchang, 12. Puguang, 13. Datianchi, 14. Kela2, 15. Dina2, 16. Tazhong1, 18. Kelameili, 19. Xushen, 20. Tainan) ramped from 35-80°C at 8°C/min, then to 260°C at 5°C/min, and the oven maintained its final temperature for 10 min. Gas samples were analyzed in triplicate. Stable carbon isotopic values are reported in the customary δ notation in permil (‰) relative to PDB (VPDB). Measurement precision is estimated to be ±0.3‰ for δ 13 C.
THE GENETIC TYPES OF THE ALKANE GASES
Several methods are introduced to identify the genetic types of the alkane gases which could be mainly divided into two types. One is to identify them indirectly according to the geochemical characteristics of their gas sources. For example, the gases with Pr/Ph ratios of their source rocks more than 2.7 are coal-derived while those less than 2.0 are generally oil-derived. The other is to identify the genetic types of the alkane gases directly. For example, the gases with δ 13 C 2 values more than -28‰ are coalderived while those less than -28.5‰ are oil-derived (Dai, 2011) . Scholars proposed many diagrams for identifying the alkane gases such as the δ 13 C 1 -δ 13 C 2 -δ 13 C 3 diagram (Dai, 1992) , δ 13 C 1 -C 1 /C 2+3 diagram (Whiticar, 1999) and "X" diagram (Zhang et al., 1987) . The first two diagrams have a high creditability which is introduced in this study for identifying the genetic types of the alkane gases.
Coal-derived alkane gases
3.1.1 Using δ13C1-δ13C2-δ13C3 plot for gas identification Dai (1992) proposed a δ 13 C 1 -δ 13 C 2 -δ 13 C 3 plot for the discrimination of coal-derived and oil-derived gases based on a compilatory study of the δ 13 C 1 , δ 13 C 2 and δ 13 C 3 values of the coal-derived and oil-derived gases from various basins in China, Northwest basin in Germany, North Sea basin, Cooper basin in Australia, Delaware-Val Verde basin in USA, Ontario basin in Canada and 11 oil and gas fields in Russia. For recent 20 years, this work has been continued by Dai Jinxing who has improved and simplified the δ 13 C 1 -δ 13 C 2 -δ 13 C 3 plot proposed in 1992 based on abundant new data (Fig. 2) . The ENERGY EXPLORATION & EXPLOITATION · Volume 32 · Number 1 · 2014 3 Figure 2 . δ 13 C 1 -δ 13 C 2 -δ 13 C 3 plot for the discrimination of coal-derived and oilderived gases (Dai 1992 , simplified in 2013) δ 13 C 1 , δ 13 C 2 and δ 13 C 3 values of the gas samples in Tables 1 and 2 Table 2 
. Geochemical parameters of the natural gases in giant coal-derived gas fields with the reserves over 1000×10 8 m 3 in Sichuan basin, Traim basin, Yingqiong basin and Junggar basin
3.1.2 Using δ13C1-C1/C2+3 plot for gas identification When plotting the δ 13 C 1 and C 1 /C 2+3 values of the gas samples in Tables 1 and 2 ( Fig. 3) , it could be observed that all the samples are located in the area of coal-derived gases which are generated from the type III or type III-II kerogen except those from Dongfang1-1 gas field. Based on Figures 2 and 3, it could be concluded that alkane gases in the 14 giant gas fields listed in Tables 1 and 2 are mainly coal-derived.
Oil-derived alkane gases
The geochemical parameters of gases from the Datianchi gas field in Sichuan basin and the Tazhong1 gas field in Tarim basin are listed in Table 3 . When plotting these parameters in the δ 13 C 1 -δ 13 C 2 -δ 13 C 3 plot and the δ 13 C 1 -C 1 /C 2+3 plot, respectively, it demonstrated that gas samples from the Tazhong1 gas field are located in the area of the oil-derived gases while those from the Datianchi gas field are located in the area of the oil-derived gases with reversal isotopic series ( Figs. 2 and 3 ). Thus gases in the two gas fields are both oil-derived.
Bacterial alkane gases
The "bacterial gases" are referred to as the gases generated from immature (R o <0.5%) organic matters under biochemical effects which have two obvious characteristics: ?alkane gases are mainly composed of methane with little or minute quantity of C 2 + gases which generally comprises of ethane and propane or only of ethane. In most situations, the C 2 + gases contain no butane. Dai and Chen (1994) proposed that the C 2 + content of the bacterial gases were generally less than 0.5% while Schoell (1980) considered this proportion to be 0.2%. It is proposed by Rice and Claypool l (1981) that the C 2 + content could sometimes reach 2%; ❷δ 13 C 1 value of the bacterial gases are 6 Genetic types of the alkane gases in giant gas fields with proven reserves over 1000×10 8 m 3 in China Figure 3 . δ 13 C 1 -C 1 /C 2+3 plot for the discrimination of coal-derived and oil-derived gases (Whiticar, 1999 usually low. Some scholars considered it to be less than -55‰ (Rice and Claypool, 1981; Dai and Chen, 1994) while others considered it to be less than -64‰ (Schoell, 1980) . Using any cut-off values of the δ 13 C 1 value and the C 2 + content mentioned above, the natural gases in Tainan gas field are all identified as bacterial gases (Table 4 ).
Since the source rocks of Tainan gas field lie within the Quaternary Sebei Formation which are mainly composed of terrestrial humic or humic-sapropic organic matters, gases in the Tainan gas field are identified as bacterial gases.
Mixed alkane gases
Alkane gases in the giant gas fields are composed of two genetic types.
Mixed alkane gases dominated by coal-derived gases supplemented with oilderived gases
Both coal-derived and oil-derived gases are of biogenic origin which demonstrate a normal carbon isotopic series (δ 13 C 1 <δ 13 C 2 <δ 13 C 3 <δ 13 C 4 ) (Dai et al., 2004) . The dominant gas pay zones in Jingbian gas field in Ordos basin (Fig. 1) are the paleokast carbonates (Majiagou Formation) which have experienced karstification process for 140 million years whereas the secondary gas pay zones are the coal measures in the Upper Paleozoic Benxi Formation(C 2 b), Taiyuan Formation (P 1 t), Shanxi Formation (P 1 s) and the variegated rocks in the Lower Shihezi Formation (P 1 x) ( Table 5 ). For the origin of the gases in Majiagou Formation, scholars have different opinions. Some scholars considered them as oil-derived gases generated mainly from the carbonates in the Majiagou Formation mixed with some coal-derived gases from the overlying Carboniferous-Permian coal measures (Chen, 1994; Huang et al., 1996; Hao et al., 1997; Jiang et al., 1999) . Using the ethane concentration and the carbon isotopic composition, it is calculated by Chen (1994) that 75% of the natural gases in the Majiagou Formation are generated from the Ordovician. Based on 407 samples in Majiagou Formation, the average TOC value was calculated to be 0.21% by the authors. This value was calculated to be 0.198% and 0.24% by Xia (2000) and Yang et al (1996) according to the data bases of 702 and 305 samples, respectively. Thus, carbonates in the Majiagou Formation are unlikely to be a gas source for 75% of the oil-derived gases. As shown in Table 5 , 2/3 of the gas samples from the Ordovician have δ 13 C 2 values more than -28.5% reflecting a coal-derived origin, which further denies the contribution from the Ordovician carbonate source rocks. Other scholars proposed that natural gases in the Majiagou Formation were dominantly generated from the Carboniferous-Permian coal measures with small contribution of oil-derived gases generated from the Carboniferous-Permian limestone source rocks (Zhang et al., 8 Genetic types of the alkane gases in giant gas fields with proven reserves over 1000×10 Guan et al., 1993; Xia et al., 1998; Dai et al., 2005; Yang et al., 2009) . Limestone lens developed in the coal measures of the Taiyuan and Majiagou formations whose organic type was II 2 and the TOC value was 0.59% in average. The limestone zones reach its maximum thickness of over 40 m at where the Jingbian gas field is located and thinning outwards until pinching out. Supplemented with a small quantity of oil-derived gases from the Majiagou Formation which were generated from the limestone, gases in the Jingbian gas field are mixed alkane gases dominated by coal-derived gases. 
Table 5. Natural gas components and carbon isotopic compositions of the mixed coalderived gases and oil-type gases in Jingbian gas field, Ordos basin
The δ 13 C 2 values of coal-derived gases are usually greater than -28‰ while those of the oil-derived gases are generally less than -28.5‰. Gases with δ 13 C 2 values between -28‰ and -28.5‰ are dominated by coal-derived gases (Dai, 2011) . Based on this criterion, gases from the first 20 wells in Table 5 with δ 13 C 2 values ranging from -22.2‰ (Well Shan 67) to -28.0‰ (Well Shan21) are differentiated as coalderived gases while those from the last 5 wells with δ 13 C 2 values ranging from -28.7‰ (Well Shan 41) to -34.9‰ (Well Shan 44) are differentiated as oil-derived gases. Among the 5 wells, gases in Well Shan 68 (P 1 s) and Shan 41 are typical oil-derived gases which demonstrates a normal carbon isotopic series (δ 13 C 1 <δ 13 C 2 <δ 13 C 3 <δ 13 C 4 ); a significant carbon isotopic reversal is observed in the gas samples from Well Shan44 and Shan106 with δ 13 C 1 values much greater than δ 13 C 2 values, which indicates that gases in these two wells are mainly composed of coal-derived gases supplemented with a small quantity of oil-derived gases; the δ 13 C 1 values of the natural gases in Well Shan 26 is quite low and the δ 13 C 3 values are greater than the δ 13 C 4 values, which indicates gases in this well are mainly composed of oil-derived gases mixed with a small quantity of coal-derived gases. From the analysis above, gases in the Jingbian gas field are identified as mixed gases dominated by coal-derived gases supplemented with a small quantity of oil-derived gases.
Mixed alkane gases dominated by oil-derived gases supplemented with coalderived gases
The Puguang sour gas field in Sichuan basin (Fig. 1) is the largest gas field with the largest reserves, abundance and H 2 S content in the marine strata in China (Table 6) . Gases are mainly produced form the Lower Triassic Feixianguan (T 1 f) and the Upper Permian Changxing (P 2 ch) reservoirs, which predominantly comprise of dolomitized backreef. Since a large amount of bitumens were found in the reservoirs, the alkane gases in Puguang gas field were considered as oil-derived gases formed by the 10 cracking of oils. After studying the thermochemical sulfate reduction (TSR) in Puguang gas field, some scholars suggested that the carbon isotopic values of the alkane gases would turn greater after experiencing the TSR reaction (Cai et al., 2003 (Cai et al., , 2004 Hao et al., 2008; Guo et al., 2012) . In the Puguang area, "the δ 13 C 2 values have obviously been affected by the TSR while the δ 13 C 1 values seem unaffected. When the H 2 S content of the natural gases exceeds 10%, the δ 13 C 2 values increased remarkably (Guo et al., 2012) ". The conclusion contradicted the fact that the δ 13 C values of the natural gases haven't become greater in the Zhongba gas field in Sichuan basin or in many sour gas fields in the Western Canada basin (Table 7) . In Table 7 , the H 2 S content of the first 9 samples ranges from 3.56% (Well Zhong21) to 16.2% (Well AB-UD2056). All the 9 gas samples demonstrate a normal carbon isotopic series without carbon isotopic reversal between ethane and propane. Thus TSR has not caused higher δ 13 C 2 values, no matter the H 2 S content of the natural gas is more or less than 10%. The H 2 S content of the last 7 gas samples in Table 7 varies from 3.1% (Well SU-P100 and Well SU-P103a) to 29.5% (Well SU-UT16) and the δ 13 C 1 values are all greater than δ 13 C 2 values. The δ 13 C 2 values of these gas samples have not become greater, but turn to be lower instead. Thus it is concluded by the authors that there is no causal relationship between the carbon isotopic values and the TSR. Similar conclusions have been achieved by Barbara et al (2011) based on 54 gas samples with H 2 S content ranging from <0.01% to 29.5% in the Western Canada basin. As a result, the high Table 7 . The H 2 S content and the d 13 C 1-4 values of the gases in Sichuan basin in China and the Western Canada basin δ 13 C 2 values of the gases in Puguang gas field were not caused by TSR, but by the original characteristics of the gas source rocks. The formal explanation for high δ 13 C 2 values has disguised the existence of coal-derived gases in this area. In Table 7 , the δ 13 C 1 and δ 13 C 2 values of the gases in Well PG-2 (P 2 ch) are -30.1‰ and -27.7‰, respectively and those in Well PG2 (P 2 l) are -30.6‰ and -25.2‰ respectively. The δ 13 C 2 values of the gases in the two wells are both more than -28‰, indicating a coalderived origin. The other wells in Table 7 all reflect the characteristics of oil-derived gases. Thus, the gases in Puguang gas field could be identified as mixed gases dominated by oil-derived gases supplemented with a small quantity of coal-derived gases. Similar conclusions could be achieved in δ 13 C 1 -δ 13 C 2 -δ 13 C 3 plot (Fig. 2) . The main source rocks of the Puguang gas field are the Upper Permian Longtan Formation and its transitive phase-Wujiaping Formation which were dominated by the lime mudstone and the marls in the Wujiaping Formation (Hao et al., 2008; Ma et al., 2007 Ma et al., , 2008 Guo et al., 2012) . In the meantime, natural gases from the Well Maoba1 in Maoba gas field, located to the north of Puguang gas field, were identified as coalderived gases with δ 13 C 2 values ranging from -25.0‰ to -25.2‰. Furthermore, natural gases from the Longgang gas field, located to the east of Puguang gas field, were all identified as coal-derived gases. Based on the carbon isotopic compositions of the natural gases in Puguang gas field and its neighboring gas fields, the natural gases in this area could be identified as mixed gases dominated by oil-derived gases supplemented with a small quantity of coal-derived gases (Ma et al., 2007) .
Mixed alkane gases dominated by abiogenic alkane gases supplemented with coal-derived gases
The Xushen giant gas field is located in the Xujiaweizi fault-depression in Songliao basin whose main producing zone is the volcanic reservoirs of the Lower Cretaceous Yingcheng Formation (Fig. 1) . Actually, it is a group of several small gas reservoirs (fields) of the Yingcheng Formation, represented by Xingcheng, Shengping, Wangjiatun and Fengle gas reservoirs (fields) (Fig. 4) . Only the genetic types of the alkane gases in these main gas reservoirs (fields) are discussed here. Table 8 shows the geochemical characteristics of the natural gases in these gas reservoirs (fields). As shown in Table 8 and Figure 5 , carbon isotopes of the natural gases in Xushen gas field mainly demonstrate a negative carbon isotopic series (δ 13 C 1 >δ 13 C 2 >δ 13 C 3 >δ 13 C 4 ). 23 of the 39 samples demonstrate a negative carbon isotopic series, accounting for 59.0% of the total samples. Positive carbon isotopic series (δ 13 C 1 <δ 13 C 2 <δ 13 C 3 <δ 13 C 4 ) are observed only in 5 samples, accounting for 10.3% of the total samples. Reversals of the carbon isotopes are observed in 12 samples, accounting for 30.7% of the total samples. The abiogenic alkane gases are typically characterized by the negative carbon isotopic series (Galimov, 1973; Zorikin et al., 1984; Dai, 1992; Dai et al., 2005; 2008; (Zorikin et al., 1984; Proskurowski et al., 2008; Yuen et al., 1984) , which strongly identifies that the negative carbon isotopic series is a typical characteristic of the abiogenic alkane gases . Positive carbon isotopic series is a typical characteristic of the 12 Genetic types of the alkane gases in giant gas fields with proven reserves over 1000×10 8 m 3 in China biogenic alkane gases which could either be coal-derived or oil-derived gases (Dai et al., 1992; . As shown in Table 8 , natural gases from Shs1, Shs6, Shs2 and Ws1 wells with positive carbon isotopic series have δ 13 C 2 values varying from -22.7‰ to -25.3‰. Since the δ 13 C 2 values of oil-derived gases are less than -29‰ while those of coal-derived gases are greater than -28‰ or -28.5‰ (Wang, 1994; Dai, 2011) , natural gases from the 4 wells are all coal-derived. The abiogenic alkane gases accounts for 60% of the gases in Xushen gas field while the coal-derived gases and the alkane gases with carbon isotopic reversal account for 10.3% and 30.7%, respectively. Thus the natural gases in Xushen giant gas field could be identified as mixed gases dominated by abiogenic alkane gases supplemented with a small quantity of coal-derived gases. Table 8 . Molecule and carbon isotopic compositions of the natural gases in Xushen gas field, Songliao basin 4. CONCLUSIONS By the end of 2011, 20 giant gas fields with proven reserves over 1000×10 8 m 3 have been found in 7 sedimentary basins in China. Based on the genetic types of the natural gases in these giant gas fields, they could be divided into four types, such as the coalderived gas field (Sulige, Daniudi, Yulin, Zizhou, Wushenqi, Hechuan, Guang'an, Anyue, Yuanba, Xinchang, Kela2, Dina2, Dongfang1-1and Kelameili giant gas fields), oil derived gas field (Tazhong1 and Datianchi giant gas fields), bacteria gas field (Tainan giant gas fields) and the mixed gas field (Jingbian, Puguang and Xushen giant gas fields). In addition, the mixed gases could be subdivided into three types: the alkane gases in Jingbian giant gas field are mixed gases mainly composed of coalderived gases supplemented with a small quantity of oil-derived gases; the alkane gases in Puguang giant gas field are mixed gases mainly composed of oil-derived gases supplemented with a small quantity of coal-derived gases; the alkane gases in Xushen giant gas field are mixed gases mainly composed of abiogenic gases supplemented with a small quantity of coal-derived gases.
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